Abstract. We analyse white-light image sequences taken with the Transition Region and Coronal Explorer (TRACE) using an optimised local correlation tracking (LCT) method to measure the horizontal flows in the quiet solar photosphere with high spatial (1 arcsec) and temporal (5 min) resolution. Simultaneously taken nearultraviolet images from TRACE confirm that our LCT-determined flows recover the actual supergranulation pattern, thus proving that the topology of the horizontal flow distribution and network assembly may be studied from long-duration TRACE white-light sequences with our method.
Introduction
Convective flows dominate the stucture of and the energy transport in the outer parts of the Sun up to the deep photosphere. Understanding the convective flow and its interaction with the magnetic fields is important since convective motions are believed to drive many important processes on the sun, e.g., (i) -the solar dynamo through interaction with solar rotation, (ii) -the p-mode oscillations that are used to probe the solar interior, (iii) -magneto-hydrodynamic waves which supply energy to the chromosphere, and (iv) -foot-point motions that lead to magnetic reconnection which may heat the corona.
The most visible product of convection is the solar granulation with a characteristic scale of 1000 km, lifetime of about 10 min (e.g., Bray et al. 1984) , and easily recorded in broadband images. The solar granulation is reproduced remarkably well in numerical simulations (e.g., Stein & Nordlund 1998) . The larger granulation scales, meso-and supergranulation, are less understood. The existence of convection at the mesogranular scale is still in debate (e.g., Rieutord et al. 2000; Ploner et al. 2000) , while study of the supergranular pattern is difficult because it does not show directly in white light whereas the magnetic network and the chromospheric brightness network map supergranular cell boundaries only incompletely. The new technique of time-distance helioseismology (Duvall et al. 1993 ) has become very popular for studying the Send offprint requests to: J. M. Krijger, e-mail: J.M.Krijger@astro.uu.nl supergranulation, but results in controversal findings (e.g., Hathaway et al. 2002) which require further investigation. The supergranule scales are still debated (see Beck & Duvall 2001) , with the current estimates for the length scale between 13 Mm and 35 Mm (e.g., Hagenaar et al. 1997 ) and a lifetime between 15 hours and 52 hours depending on scale (e.g., Wang & Zirin 1989; Simon et al. 1995) .
As shown by Rieutord et al. (2001) the flow speeds determined from brightness changes describing granular motions are an indication of the horizontal motion of the associated matter. Tracking this granular structure enables determination of the longer-lived and wider horizontal flows (November & Simon 1988 ) and one may so study the assembly and topological evolution of the magnetic network at these scales.
Different attempts (e.g., Leighton et al. 1962; Brandt et al. 1994; have been made to determine quiet-sun surface flows from ground-based observations. These observations were limited by small field of view (FOV), short duration, and the presence of seeing which hampers precise flow evaluation. Seeing is best avoided by putting telescopes in orbit. The SOUP instrument onboard Spacelab 2 collected a sequence of too short a duration (28 min) to study supergranular (>15 hrs) pattern changes . The MDI instrument on-board the SOHO satellite can observe for much longer duration but is limited by the fixed pointing of its high resolution field. The line-of-sight velocity images obtained J. M. Krijger et al.: Photospheric flows measured with TRACE 673 by MDI are much used with time-distance helioseismology (e.g., De Rosa et al. 2000; 2002) .
Image sequences from the TRACE satellite (Handy et al. 1999) do not suffer from seeing and have a somewhat better resolution (1 arcsec) than MDI (1.3 arcsec). TRACE offers a large FOV (512 × 512 arcsec 2 ) and long duration observations (up to a week) by following a given area on the solar surface by correcting for solar rotation. Also, TRACE permits quasi-simultaneous observations in both white light (low photosphere) and near-ultraviolet (upper photosphere) wavelengths. The bright chromospheric network visible in the near-ultraviolet wavelengths can be used to show the location of the magnetic network, which is governed by the flows, in the absence of magnetograms allowing a direct check. However, so far it was not clear whether the TRACE resolution of 1 arcsec is good enough to obtain reliable flow estimates since it resolves the granulation which is to be used as flow tracer only partially.
In this paper we test whether it is possible to use the TRACE white light observations despite their low resolution for measuring horizontal velocity fields, by optimising the LCT method of November & Simon (1988) and using "isotropic divergence" (Roudier et al. 1999; Rieutord et al. 2000) . The (dis)advantages of the LCT and other tracking techniques used by different authors are presented and discussed in Roudier et al. (1999) . For a discussion of previous studies using feature tracking, see Rieutord et al. (2000) . Our test proves that our modified LCT method with optimised parameters and data reduction can be used to derive horizontal flows from longer TRACE white-light image sequences.
The organisation of the paper is as follows. The observations and reductions are presented in the next section. In Sect. 3 we display the results of the analysis with the conclusions following in Sect. 4.
Observations and reduction

TRACE sequence
We use a TRACE image sequence taken on October 14, 1998 between 8:12-12:00 UT. TRACE observed a very quiet rectangular area of the solar surface at disk center (see Fig. 1 ) in three ultraviolet passbands (centered at λ = 1700Å, 1600Å, and 1550Å) and a broadband white-light passband. A nominal cadence of 21 s for each individual passband (but longer occasionally) was used. Only 512 × 512 pixel 2 of the 1024 × 1024 pixel 2 TRACE CCD camera with 0.5 arcsec pixels (366 km on the Sun) were read out due to telemetry limitations. The satellite pointed at a fixed location on the apparent solar disk without following solar rotation during the observation. The observations are specified in Table 1 . Figure 2 shows as example pair of white-light and 1700Å images.
In this analysis only the lower half of the observed field (256 × 128 arcsec 2 ) was used, due to computer resource restrictions. The images were reduced following standard procedures 1 (dark current subtraction, flat field correction). The sequences were subsequently aligned to remove solar rotation and satellite jitter using cross-correlation aligning the ultraviolet images to other images of the same passband and to the other passbands within a few tenths of a pixel. Differential rotation across the field during the entire sequence had only a small effect (0.4 pixel) and was neglected. Due to solar rotation and satellite jitter only part of the FOV was fully sampled (452 × 246 pixel 2 , 226 × 123 arcsec 2 or 165 × 90 Mm 2 ). More details on these data and its reduction are given in Krijger et al. (2001) . More information on reducing TRACE data is available in the TRACE Analysis Guide 2 . 
Local correlation tracking
In order to take out the five-minute oscillation, all horizontal movements faster then 4 km s −1 were removed from the white-light sequence by 3D Fourier filtering (Title et al. 1989 ). Subsequently, each individual white-light image was enlarged by a factor of 4 (using interpolation) in order to increase the number of points used in subsequent correlation computations since the noise in the velocity measurements is proportional to 1/ √ N where N is the number of points used for the correlation. A test on blurred high resolution ground-based observations showed that this enlargement allows better recovery of the actual velocity fields.
The method used below is described in more detail in Roudier et al. (1999) . After enlargement the images were filtered using a 1 arcsec 2 Gaussian window. Tests showed that a larger window samples multiple granules and measures only their group-averaged motion, while a smaller window measures details below the resolution of TRACE (1 arcsec) and generates meaningless results. Subsequently, the images were transformed into a binary map of granules, using local curvature of the intensity pattern to identify granules following Strous (1995) .
Horizontal velocity fields were calculated using these binarised maps with the LCT method of November & Simon (1988) with 5 min resolution. Using LCT on binarised data was named the LCT bin method by Roudier et al. (1999) . For each 5 min temporal window 15 sequential images were used. A test showed that using an artificial cadence of ∼1 min (3 images per temporal window) instead of 21 sec yields similar results. The period of 5 min was used as a compromise between the (mean) lifetime of the granules and noise in the resulting flow maps. Figure 3 shows a sample result. Large-scale (∼7 Mm) diverging and converging areas are visible as a mesoscale pattern. The statistical distribution of the measured flow speeds is shown in Fig. 4 . The lower cut-off is due to the angular resolution set by the TRACE CCD pixel size. Most mean velocities are below 1 km s −1 . This distribution is shifted towards the lower velocities compared to the granular mean velocity found in Roudier et al. (1999) , due to the tendency of the LCT bin method of smoothing out the smaller and faster patches in the velocity fields.
After the computation of successive mean-flow maps covering the whole sequence duration, one can insert artificial tracers or "corks" that follow horizontal motions over a longer lifetime than that of individual granules, and so mapping longer-lived flows ). Figure 5 shows the final position of such corks, inserted at the start 
Isotropic divergence
A quantity that can be derived from flow patterns is the horizontal divergence ∇ · v xy which furnishes another presentation of the surface flows. Our interest is into sources of divergence/convergence, those locations where matter presumably appears at the surface by flowing upward (divergence) and where matter presumably disappears from the surface by flowing downwards (convergence), respectively. However, using the classical divergence calculation, one also finds a high divergence or convergence value at a particular location when the surrounding area as a whole is horizontally accelerating or decelerating. We therefore employ the "isotropic divergence" instead (Rieutord et al. 2000) . We briefly describe both methods here.
Calculating the divergence at a certain point in a regular grid is a straightforward procedure by summing the difference in velocity (in orthogonal directions) of the 4 adjacent points. The mathematical definition for the classic divergence at location (x, y) in a regular discrete grid is:
with W the distance between two gridpoints and v x , v y the respective velocity components. The averaged horizontal divergence over the entire duration of the observation is shown in the top-left panel of Fig. 6 . The isotropic divergence is defined in each point as the sum of the difference (normalised by the distance) of the projected vector components of the velocity on the axis of the symmetrical points relative to the central one, in all the directions and computed for the two gridpoint-rings around this central point (8 points for the first ring and 16 points for the second ring). The mathematical definition for the isotropic divergence in location (x, y) is:
with s x , s y the gridpoint distance from x, y in their respective directions, which are not allowed to be zero at the same time (i.e., the velocity in the central point is not used for the divergence calculations). The resulting amplitudes peak at isotropic divergence/convergence sites such as exploding granules and sink holes. The averaged horizontal isotropic divergence is shown in the middle-left panel of Fig. 6 .
Results
Divergence
Both the classic and isotropic divergences were evaluated and subsequently averaged over the total duration of the observation (8:12-12:00 UT). The results are shown in the two upper panels in the lefthand column of Fig. 6 . Using isotropic divergence yields a coarser pattern with a clearer indication of cellular structure at supergranular scale which is outlined by darker-than-average boundary segments.
Chromospheric network
The capacity of TRACE to simultaneously observe in the ultraviolet and the white-light allows us to compare the cork collection sites in Fig. 5 and the coarse grid-pattern of convergence sites in Fig. 6 to the actual structure of the chromospheric network. The pertinent ultraviolet observations from TRACE are described in more detail in Krijger et al. (2001) . The TRACE 1600Å and 1700Å passbands show very similar features as Ca II K 2V movies from ground-based telescopes (Rutten et al. 1999) . The bottomleft panel of Fig. 6 shows the temporal average of the entire 1700Å sequence. The chromospheric network stands out much clearer in this time-average display than in the snapshot image in the lower panel of Fig. 2 because the intermittent internetwork features (mostly due to the chromospheric three-minute oscillation) average away while the more persistent network features are enhanced.
Spatial comparison
Comparison of Fig. 6 with Fig. 5 shows that the regions with highest cork density (Fig. 5 ) correspond closely to the bright ultraviolet network (bottom-left panel of Fig. 6 ).
Similarly, comparing the temporally averaged divergences with the 1700Å temporal average image (lefthand panels of Fig. 6 ) indicates spatial correspondence between Finally, the spatial correlation between convergence sites and chromospheric network is illustrated in Fig. 7 by plotting 1700Å brightness versus the average divergence as a scatter diagram. It shows that most bright network features are located at convergence (negative divergence) locations. This proves that the surface flows which we have measured with our correlation tracking indeed represent long-term supergranular motions, even though Fig. 5 shows that not all corks have reached their final position in the supergranular cell borders.
Conclusions
We have demonstrated that, although TRACE resolution (1 arcsec) is not good enough to fully resolve the solar granulation, it does suffice to determine the flow patterns over the solar surface that produce and control the topology of the solar network. Using the LCT bin method high spatial (1 arcsec) and temporal (5 min) resolutions can be obtained. These resolutions have not been achieved before on seeing-free data with such a large FOV (226 × 123 arcsec 2 ) and long duration (228 min). TRACE Fig. 7 . Correlation between average 1700Å brightness and average velocity field divergence shown as a pixel-by-pixel scatter plot, with density contours replacing individual points where they become too close. The curves along the axes measure the first moments per row and column, respectively. The locations with the brightest network (upward tail of the scatter cloud) correspond to negative divergence in the flow field.
allows a FOV up to 512 × 512 arcsec 2 and observations centered at a given (co-rotating) solar location up to a week duration. Combination of such measurements with our method allows study of the distribution and network assembly over long time scales with longer TRACE WL sequences. These higher temporal and spatial resolutions allow a gain in the analysis of the signal (velocity) from high to low frequencies in the two domains. In particular, it helps to distinguish the smoothing effects of the data reduction and analysis from the solar flow fields at medium and low frequencies (spatial and temporal) and to learn about the influence of the smaller scales on to the largest ones. Our approach allows us to locate more precisely the largest diverging amplitude events of the flow field and to correlate their evolution to the UV bright points (oscillations, motions, etc.) which are located on the border of the supergranule.
